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M
any proteins involved in thiol-based redox regulation belong to a thioredoxin (Trx) superfamily (1) . This large group of proteins consists of at least 11 protein families characterized by a similar molecular architecture, known as the Trx fold, and has diverse biological functions (1, 2) . The Trx fold is described as a two-layer α/β/α sandwich with a βαβββα secondary structure pattern (1, 2) and a conserved active-site CxxC (two cysteines separated by two residues) or CxxS/T (i.e., one of the Cys replaced with threonine or serine) motifs (3) . In addition, the catalytic Cys in these motifs may be replaced with selenocysteine (Sec, one letter code is U). Well characterized thiol/disulfi de oxidoreductase families of the Trx fold include Trx itself as well as glutaredoxins (Grx), protein disulfi de isomerases (PDI) and other families. Several members of this superfamily, such as peroxiredoxins (Prx) and glutathione peroxidases (GPx), have a single Cys in the active site, and there are also Trx-fold enzymes, such as GST, which lost all Cys in the CxxC motif.
Sec is known as the 21st amino acid in the genetic code and is found in all domains of life. It is encoded by UGA codons and inserted cotranslationally into proteins with the help of the Sec insertion sequence (SECIS) element (4, 5) . However, there are differences in organization of selenoprotein genes and Sec synthesis and insertion machinery among bacteria, archaea, and eukaryotes (6) (7) (8) (9) (10) . For example, in bacteria, SECIS elements occur in coding regions immediately downstream of Sec UGA codons (6, 7) , whereas archaeal and eukaryotic selenoprotein genes have SECIS elements in 3' UTRs (7) (8) (9) . Almost all selenoproteins have a single SECIS element that is used to insert a single Sec. There is one notable exception. Vertebrate selenoprotein P (SelP) has 10-18 Sec, whose insertion is governed by two SECIS elements (11) . It is thought that Sec residues in SelP (perhaps with the exception of the N-terminal Sec residue present in a UxxC motif) have no redox or other catalytic functions.
Selenoproteins with known functions are oxidoreductases containing catalytic redox-active Sec (12) . Their Cys mutants are typically 100-1,000 times less active (13) . Although there are many known selenoproteins, proteins containing diselenide bonds have not been described. Theoretically, such proteins could exist, but the low redox potential of diselenide bond may require a very strong reductant. For example, the redox potential of selenocystine was found to be -383 mV (14) and of a [Sec 11 ,Sec 14 ,Lys 16 ]-Grx {10, 17} octapeptide -381 mV (15) . Inside the cell, key players responsible for maintaining disulfi des in the reduced state are Trx and GSH, however, their redox potentials, -270 mV (16) and -240 mV (17) , may not be suffi cient for reduction of diselenide bonds in proteins. Recently, the redox potential of diselenide in a chemically synthesized Grx3 (C11U/C14U) mutant was determined at -309 mV (18) . This redox potential is also similar to that determined for a biosynthetically prepared Escherichia coli Trx (C32U/ C35U) mutant (-332 to -270 mV) (19) . An observation that the diselenide-containing Grx3 could be reduced by Trx and the fi nding of faster kinetics of the Grx3 mutant compared with Grx that contains a single Sec (18) suggest that diselenide-containing enzymes may have unique physiological roles in catalysis and therefore could exist.
In this article, we describe an example of a natural diselenide bond in proteins. We identifi ed and characterized a selenoprotein, designated SelL, that has two Sec in a UxxU redox motif and is a previously uncharacterized member of the Trx superfamily. We directly demonstrate the insertion of two Sec by a single SECIS element in both bacteria and animals and show that the two Sec residues form diselenide bond with low redox potential. in SI Fig. 4A ). In contrast to most selenoproteins found in eukaryotes, SelL is absent in mammals, although its distant Cys-containing homologs [fmHP-like proteins (20) ] were detected. Only two other known eukaryotic selenoproteins, Fep15 (21) and SelJ (22) , have a more narrow distribution than SelL. The function of these selenoproteins is not known, and it is also not clear why all described rare selenoproteins occur in aquatic organisms.
By searching for conserved domains with RPS-BLAST, we identifi ed a Prx-like domain (cd02970, Prx-like 2 family) in all SelL sequences. This domain is present in Trx-like proteins containing a CxxCmotif. Although they show distant similarity to proteins annotated as Prx, SelL sequences do not possess the residues conserved in all Prxs (23) . The Prx-like domain of SelL proteins is located in the C-terminal region (≈160 aa in length) and has a conserved UxxU motif in the N-terminal portion of this domain (Fig. 1A) . The two Sec residues are located in the loop between a β-strand and an α-helix (Fig. 1B) in the position that matches the position of the CxxC motif in Trx and other thiol-disulfi de oxidoreductases (8) . The regions fl anking the UxxU motif are also conserved in both eukaryotic and bacterial sequences (Fig.  1B) . No signal peptides were found in fi sh SelL sequences. Taken together, these data suggest that SelL is a previously unidentifi ed selenoprotein with a Trx-like function.
SelL SECIS Elements.
Single SECIS elements were identifi ed in the 3' UTR of eight eukaryotic SelL mRNAs (other sequences were incomplete at the 3' end). All of them fi t type II SECIS element consensus (24) and have a ministem and an unpaired AA (or CA) sequence in the apical loop (Fig. 2D) . Although the majority of known eukaryotic SECIS elements contain an unpaired AA (or CC) in the loop, fi sh Fep15 (21) also had SECIS elements with CA in this position. The SelL SECIS elements showed a high degree of conservation (SI Fig. 4B ). Interestingly, a single SECIS element was also detected in two bacterial SelL genes ( Fig. 2A) . Although the organisms from which these sequences are derived are not known, the fact that the bacterial SECIS element was identifi ed in the two SelL sequences indicated that these organisms were bacteria. The identifi ed bacterial SelL SECIS elements fi t a general bacterial consensus model (24) .
Phylogenetic Relationship of SelL to Trx-Like Proteins. We constructed a phylogenetic tree of SelL proteins, their Cys homologs containing the CxxC motif, and related thiol-based oxidoreductases containing one or two Cys in place of Sec in the UxxU motif.
As shown in SI Fig. 5 and SI Table 2 SelL forms a separate family, distinct from other thiol oxidoreductases. The closest SelL homologs are fmHP proteins (20) , which contain a CxxC motif at the predicted active site. fmHP (or fmHP-like) proteins were found in plants, fi sh, and mammals. They belong to the Prx-like 2 family, and the function of these proteins is not known. The functionally characterized protein closest to SelL is Trx. Proteins with one Sec in CxxC-derived motifs (e.g., homologs of Prx, Prx-like proteins, Trx, Grx, and GPx) belonged to other families of the Trx superfamily. Overall, this analysis indicates that SelL proteins form a separate Trx-like family and probably have a function distinct from the functions of previously characterized proteins in the Trx superfamily.
Expression of GST-Fused Bacterial SelL Fragment in E. coli. Two prokaryotic SelL sequences identifi ed in uncultured marine microorganisms inhabiting Hawaii picoplankton were used for expression of a Sec-containing SelL fragment in E. coli. To examine the insertion of two Sec directed by a single SECIS element, we prepared a construct coding for a GST-fused 26-aa fragment of bacterial SelL containing both UGA codons, a SECIS element, and a C-terminal His-tag (Fig.  2B) . A minimal SECIS region required for binding E. coli SelB is a 17-nt stem-loop separated from Sec UGA by 11 nt. The 17-nt stem-loop also contains a bulged U in the stem at a distance ≈17 nt from the UGA codon and a GU dinucleotide in the apical loop at a distance ≈23-24 nt from the UGA codon (25) (26) (27) . Natural bacterial SelL SECIS elements did not have the bulged U; the distances between the fi rst UGA codon and the exposed GU were 30-31 nt and the distances between the second UGA and the GU were 20-21 nt ( Fig. 2A) . Thus, compared with the E. coli SECIS elements, the optimal site for Sec insertion in SelL was located between the two UGA codons.
By site-directed mutagenesis, we generated two different SECIS elements with a bulged U in the SECIS stem (designated SECISdel and SECISins; Fig. 2A ) so that these structures would resemble the E. coli SECIS elements. Additionally, a minimal SelB-binding region of E. coli formate dehydrogenase H (FDH H) SECIS element (designated FDH H SECIS; Fig. 2A ) was tested for Sec insertion. The optimal location of the Sec UGA codon for FDH H SECIS, SECISdel, and SECIS is shown by a big open box and for SECISins by a small gray box in the SECIS structure ( Fig. 2A) . To distinguish the incorporation of Sec into the fi rst and second UGA codons, we introduced mutations that resulted in ULPC, CLPU, or CLPC forms of the protein. Table 1 . Conserved residues are highlighted. Sec residues are shaded in red and marked with asterisks. Predicted secondary structure elements common to all aligned sequences are shown at the top.
To show the expression of the GST-fused SelL fragment, in which Sec insertion is driven by SECIS element, E. coli cells were cotransformed with pGEX-based constructs and pSUABC expressing E. coli SelA, SelB, and SelC (28) . The cells were metabolically labeled with 75 Se, and selenoprotein expression was analyzed by using a PhosphorImager and by Western blotting with anti-His tag antibodies ( Fig. 2  E and F) . The natural bacterial SECIS element could insert either of the two Sec in GST-SelL (Fig. 2E Upper, lanes 7 and 8) . However, the ULPU form of the protein was expressed in E. coli predominantly in the truncated form ( Fig. 2E Upper, lane 5), suggesting that the natural SECIS element was not effi cient in inserting two Sec in E. coli. The theoretical mass difference between the full-length and truncated proteins was 2.4 kDa (≈30 kDa for GST-SelL and ≈27.6 kDa for GSTSelL truncated protein), which corresponded to the observed difference between these protein forms on gels. SECIS elements of the E. coli type containing a bulged U were more effi cient in Sec insertion than the original SelL structure (Fig. 2E Upper, compare lanes 3, 4, and 5). In addition, Sec was incorporated with higher effi ciency in CLPU sequences ( Fig. 2E Upper, compare lanes 6 and 7) when the SECIS element with bulged U was used. The most effi cient expression of GSTSelL was achieved with the E. coli FDH H SECIS element ( To confi rm that the E. coli FDH H SECIS element is more effi cient in Sec insertion than the natural SelL SECIS element, cells were cotransformed with pSUABC and pGEX-based constructs expressing GST-SelL mutants containing one or two Sec. Sec insertion was driven by E. coli FDH H or natural SelL SECIS elements. Cells were labeled with 75 Se, and the Sec-containing read-through products were detected by Western blotting with anti-His tag antibodies (Fig. 2F Upper) and with a PhosphorImager (Fig. 2F Lower) . The data confi rmed the expression of radioactive full-length GST-SelL containing one or both Sec. Again, the E. coli FDH H SECIS element was more effi cient in Sec insertion than the SECIS element from a marine bacterium (compare lanes 2-4 and 5-7 in Fig. 2F ).
To further examine expression of GST-SelL, in which Sec insertion was driven by the E. coli FDH H SECIS element, we purifi ed the expressed proteins using Talon resin and analyzed them by Western blotting. The truncated GST copurifi ed with GST-SelL ( Fig. 2 G and  H Upper) . This was expected because GST is a dimeric protein and the equal intensity of upper (read-through product of GST-SelL) and lower (GST) bands suggested that the dimer was formed and isolated by using a His-tag in the full-length protein (Fig. 2G) . Expression of the GST-SelL proteins was confi rmed by Western blotting with anti-His tag antibodies (Fig. 2H Middle) and analysis of the 75 Se-labeled selenoprotein pattern (Fig. 2H Lower) . Only the forms predicted to contain one or two Sec were labeled with 75 Se, whereas the form with two Cys replacing Sec was not labeled. Taken together, these data show that a single E. coli FDH H SECIS element can support insertion of two Sec in the UxxU motif of SelL. Whereas this is not surprising in eukaryotes [e.g., SelP gene utilizes two SECIS elements for insertion of 10-18 Sec GST-fused bacterial SelL expression constructs used in this study. The green box corresponds to GST, the orange box corresponds to the SelL fragment containing two Sec codons (red vertical lines) and a SE-CIS element (stem-loop structure), and the gray box corresponds to a (His) 6 (11)], the ability of a single bacterial SECIS element to insert two Sec is unexpected, particularly considering that the distance between the UGA codon and the SECIS element is critical for Sec insertion. Nevertheless, it is clear that proper positioning of the SECIS element allows it to serve both Sec UGA codons.
Mass Spectrometry Analysis.
To confi rm that the ULPU form of GST-SelL has two Sec, we carried out LC-ESI MS/MS analysis of the purifi ed protein. Approximately 80% of the total protein sequence was identifi ed by this mapping. Two peptide ions, whose masses match the calculated monoisotopic mass of neutral peptide (1,039.32 Da) with the sequence HFAULPUR, were identifi ed. A double-charged ion at m/z 520.64 yielded the molecular mass 1,039.28 Da, and a triple-charged ion at m/z 347.43 gave 1,039.29 Da. Isotopic distribution of both ions had the same pattern and coincided perfectly with the theoretical distribution based on natural isotopic abundance of chemical elements. As can be seen in Fig. 3A , which shows the isotopic distribution of the triple-charged ion, all high-intensity peaks were characterized by the same masses as the calculated spectrum. The mass spectra of doubleand triple-charged ions revealed the presence of a diselenide bond between the two Sec residues in the active site. The identity of peptides representing the observed masses was verifi ed by MS/MS tandem mass spectrometry. Two daughter ions containing the ULPU sequence are shown in Fig. 3B . Thus, using mass spectrometry analysis, we unambiguously identifi ed the GST-SelL protein as having two Sec residues in the ULPU motif. The diselenide bond detected in GST-fused SelL sequences is the fi rst known diselenide bond.
Expression of D. rerio SelL in Mammalian Cells.
To test whether the D. rerio SelL SECIS element can insert two Sec, we made a series of pCI-neo-based constructs coding for a C-terminal Histagged SelL or its SelL(ULPC), SelL(CLPU) and SelL(CLPC) mutant forms and containing a D. rerio SelL SECIS element (Fig. 2C) . Transfection of these constructs into HEK 293 (Fig. 3C ) and NIH 3T3 (data not shown) cells revealed the expression of full-length SelL and its mutants. The His-tagged SelL with the predicted molecular mass ≈35 kDa was detected by metabolic labeling of transfected cells with 75 Se (Fig.  3C Upper, lanes 1-3) and was not present in cells transfected with either the Cys mutant of SelL or the control vector (Fig. 3C Upper, lanes  4, 5) . Interestingly, a truncated SelL form was not detected. We further verifi ed SelL expression by Western blotting with anti-His-tag antibodies (Fig. 3C Lower) . It is well known that Sec incorporation is an ineffi cient process (29) . Our data are consistent with this idea because the expression of SelL with Sec-to-Cys mutations was higher than the expression of the Sec-containing SelL forms (compare lane 4 and lanes 1-3 in Fig. 3C Lower) . Cotransfection of the pCI-SelL construct with the plasmid expressing a C-terminal domain of rat SBP2 had no signifi cant infl uence on SelL expression under the conditions used in this study (Fig. 3D) . Overall, the data showed that D. rerio SelL utilizes a single SECIS element to direct the insertion of two Sec into this protein.
The uniqueness of SelL is that it has two Sec in a redox motif, and thus both of these residues should be redox-active, probably cycling between diselenol and diselenide states. Although there is an additional selenoprotein known to contain multiple Sec (i.e., SelP), the catalytic activity of SelP in reduction of phospholipid hydroperoxides by glutathione (30) and Trx (31) was linked to its N-terminal domain containing a single Sec (32), and it is not known whether SelP actually forms diselenide bonds (33) . Thus, SelL is the only known protein with two redox-active Sec residues. Subcellular Localization of D. rerio SelL. Subcellular localization of SelL was determined by expressing GFP-fused D. rerio SelL in NIH 3T3 cells. In this experiment, both Sec in SelL were mutated to Cys and GFP was fused at the C terminus of SelL. This fusion protein showed a typical cytosolic localization (SI Fig. 6 ). These data are also consistent with the lack of a predicted signal peptide in SelL sequences. Redox Properties of SelL. The redox state of D. rerio SelL was assayed after expression of the protein in HEK 293 cells. In addition to the predicted active-site Sec residues, SelL contains three Cys. To examine the redox state of Sec in the active site, we mutated these three Cys to Ser. After reduction of disulfi de bonds in cellular proteins with 10 mM DTT [the redox potential is -332 mV at pH 7.0 (34)] or 10 mM Tris [2-carboxyethyl] phosphine (TCEP) and alkylation with a modifying agent 4-acetamido-4'-maleimidylstilbene-2,2'-disulfonic acid (AMS) that causes a shift in mobility of the modifi ed proteins (0.9 kDa per disulfi de bond), the lysates of cells expressing SelL were analyzed by SDS/PAGE. SI Fig. 7A shows that, under conditions used in our experiments, endogenous mammalian selenoproteins could be modifi ed with AMS and therefore migrated at a higher molecular weight. However, the SelL band was not shifted after the AMS treatment, and it also did not change mobility upon prior addition of DTT or TCEP. At the same time, the mobility of the wild-type SelL containing three Cys and two Sec was changed under these conditions (SI Fig. 7B) . Thus, Sec residues in SelL occurred in vivo in the oxidized state.
In addition, we treated the transfected cells with a membrane-permeable thiol-modifying agent, N-ethylmaleimide, to block Cys and Sec residues before cell lysis. The lysates were then treated with 50 mM DTT at 50°C for 15 min, followed by AMS treatment (SI Fig. 7C ). Under these conditions, only in vivo oxidized proteins containing a disulfi de/diselenide bond displayed a decrease in electrophoretic mobility. With this method, the shift in SelL mobility also was not observed. These data suggest that the UxxU motif of SelL occurs in mammalian cells in the oxidized state, and it cannot be reduced by DTT. Thus, the UxxU motif in SelL has a very low redox potential, as expected for the diselenide bond.
In conclusion, the diselenide bond we identifi ed in SelL sequences is the fi rst known natural diselenide bond in proteins. We directly demonstrated the formation of such a bond in a GST-fused bacterial SelL fragment by mass spectrometry and indirectly in recombinant D. rerio SelL by redox assays involving differential alkylation. The data are consistent with low redox potentials of Se-Se bonds in the C11U/ C14U Grx3 mutant (-309 mV) (18) and the C32U/C35U Trx mutant (-332 mV to -270 mV) (19) . In each case, the redox potential of the diselenide bond was lower than the redox potential of the GSSG/2GSH couple [-260 mV to -230 mV in the cytosol of mammalian cells (35) ]. Because we have shown that SelL localizes to cytosol, our results raise a question as to how aquatic organisms are able to reduce SelL during catalysis. It is possible that their cells have a reductase system that is absent in mammals. SelL proteins are widely distributed in bony fi sh and are also present in cartilaginous and jawless fi sh, tunicates, crustaceans, mollusks, and bacteria. Both SelL Sec residues in a UxxU redox motif are inserted with the help of single SECIS elements in each SelL gene.
Materials and Methods

SelL Gene and SECIS Prediction.
To identify SelL homologs, we scanned nonredundant protein, nonredundant nucleotide, shotgun, EST, and environmental sequence databases (36) (37) (38) at the National Center for Biotechnology Information. Eukaryotic SelL sequences were detected in EST databases (SI Table 1 ). Several overlapping ESTs were merged to construct full-length SelLs ( SI Fig. 4) ; their sequences were consistent with a multiple sequence alignment of SelL from different species. In some cases, full-length sequences were obtained by aligning cDNA sequences with the corresponding genome and shotgun sequences and identifying exon-intron structures. Eukaryotic SECIS elements were predicted by using SECISearch, version 2.19 (39, 40) . TBLAST analysis of environmental, nonredundant nucleotide and shotgun databases led to the identifi cation of prokaryotic SelL sequences. SECIS elements in prokaryotic coding regions were predicted by using Mfold (41).
Sequence Analysis. The presence of Prx-like domain in full-length SelL sequences was predicted by using RPS-BLAST. The secondary structure was calculated by PSIPRED, version 2.5 (42) . Sequence alignments were generated by using CLUSTAL W (http://align.genome.jp/) and colored with BOXSHADE, version 3.21 (http://www. ch.embnet.org/software/BOX_form.html). The phylogenetic tree was drawn in PhyloDraw, version 08 (43) . PSORT II (44) and TARGET P, version 1.1 (45) servers were used for prediction of D. rerio SelL topology.
Constructs for Expression of GST-Fused SelL Fragment in E. coli.
A construct for expression of the GST-fused SelL fragment was prepared on the basis of the pGEX-4T-1 vector (GE Healthcare, Piscataway, NJ). Primers corresponding to the coding fragment of SelL from an uncultured marine microorganism (Env1, accession no. DU774725), including the ULPU motif, the SECIS element, and an additional C-terminal histidine-tag (SI Table 3 ), were heated at 90°C for 7 min, annealed at 37°C for 1 h, digested with EcoRI/SalI restriction enzymes, and ligated into a similarly digested pGEX-4T-1 vector. The resulting expression construct (Fig. 1A) was named pGEX-SelL-SECIS and used for expression of GST-SelL protein.
In an attempt to increase expression of Sec-containing proteins in E. coli (46) , two different SE-CIS structures with bulged nucleotides were produced by site-directed mutagenesis to yield pGEX-SelL-SECISdel and pGEX-SelL-SECISins constructs ( Fig. 1B ; and see SI Table 3 for primer sequences). To examine the expression of GST-fused SelL containing a SECIS element from E. coli FDH H, a construct (pGEX-SelL-FDH H SECIS) with FDH H SECIS (Fig. 1B) was generated in the same way as pGEX-SelL-SECIS (see SI Table 3 for primer sequences). Point mutations in the ULPU sequence and the SECIS element were generated by site-directed mutagenesis using QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Expression of Recombinant Proteins in E. coli and 75 Se
Metabolic Labeling. Recombinant proteins were expressed in BL21(DE3) cells (Novagen, San Diego, CA). To metabolically label selenoproteins with 75 Se, E. coli cells cotransformed with various pGEX-based constructs and pSUABC (28) were grown at 37°C in 10 ml of LB medium containing 100 μg/ml ampicillin and 34 μg/ml chloramphenicol until the OD 600 reached ≈0.6. Then, 0.02 mCi (1 Ci = 37 GBq) of freshly neutralized [ 75 Se]selenious acid (specifi c activity 1,000 Ci/mmol, University of Missouri Research Reactor, Columbia, MO) was added to the cell culture along with 0.1 mM IPTG, and cells were grown overnight (12 h) at 30°C. Cell extracts (30 μg of total protein) were applied to 10% Bis-Tris gel (Invitrogen, Carlsbad, CA), electrophoresed, and transferred onto a PVDF membrane (Invitrogen). The 75 Se radioactivity pattern on the membrane was visualized by using a PhosphorImager (GE Health Care). To produce the unlabeled protein, cells were grown in 1.5 liters of LB medium containing antibiotics to OD 600 of ≈0.6. Sodium selenite (2 μM) was added to cells 1 h before the induction of protein synthesis by 0.1 mM IPTG. Proteins were expressed overnight at 30°C. The control vector pGEX-4T-1 expressed two forms of GST. The form with a higher molecular mass (≈27.9 kDa) (e.g., Fig. 2E Lower) was the GST containing an additional thrombin cleavage site. Another GST form (≈25.5 kDa) corresponded to a protein after proteolytic cleavage.
Purifi cation of Recombinant Proteins Expressed in E. coli.
Recombinant GST-fused SelL fragments containing a C-terminal (His) 6 tag were expressed from pGEX-SelL-FDH H SECIS constructs and purifi ed by affi nity chromatography on Talon resin (BD Biosciences, Palo Alto, CA) according to the manufacturer's protocol. For protein purification, E. coli cells were prepared from 9 ml of 75 Se-labeled and 1.5 liters of unlabeled cultures.
Mass Spectrometry Analysis. The purifi ed GST-fused SelL was subjected to SDS/PAGE, the band corresponding to GST-SelL (≈30 kDa; Fig. 2G ) was cut, and the protein was digested with trypsin. Peptides were extracted and analyzed by LC-ESI MS/MS, which was performed by using a Q-Star XL ABI (Quadrupole-TOF) tandem mass spectrometer (Applied Biosystems, Foster City, CA). Sequences of the peptide ions were determined from MS/MS data by using MAS-COT (47) . The theoretical isotopic distribution of ions generated from the HFAULPUR peptide was predicted by using Analyst QC software (Applied Biosystems). All mass-spectrometry work was done at the Mass Spectrometry Core Facility/Redox Biology Center (University of Nebraska).
Constructs for Expression of D. rerio SelL and Its Mutants.
D. rerio SelL cDNA, including its 3' UTR containing the SECIS element, was amplifi ed from total zebrafi sh RNA by using SuperScript II RT kit (Invitrogen) and cloned into pGEM T-easy vector (Promega, Madison, WI) to yield pGEM-SelL. To generate a construct coding for SelL containing C-terminal (His) 6 -tag, the SelL ORF was PCR amplifi ed from pGEM-SelL with primers coding for (His) 6 -tag and cloned into XhoI/SalI restriction sites of pCI-neo vector (Promega) to yield pCI-SelL-ORF. Subsequently, the 3' UTR containing the SECIS element was PCR-amplifi ed from pGEM-SelL and inserted into pCI-SelL-ORF by using SalI/NotI restriction sites to yield pCI-SelL (Fig. 2C , see SI Table 4 for primer sequences). This construct was used for expression of Sec-containing His-tagged SelL; all subsequent expression vectors containing D. rerio SelL were developed by using this construct. Three different Sec-to-Cys mutants (ULPC, CLPU, CLPC) were then generated by site-directed mutagenesis.
Cell Culture, Transfections, and 75 Se Metabolic Labeling. Mouse fi broblast NIH 3T3 (American Type Culture Collection, Manassas, VA) and human HEK 293 (Invitrogen) cells were grown in DMEM supplemented with 10% calf serum and 1x antibiotic-antimycotic solution (Invitrogen). Where indicated, cells were cotransfected with pUNI10-SBP2 (48) expressing a C-terminal portion of rat SBP2. Transient transfection of NIH 3T3 cells was carried out by using Lipofectamine 2000 (Invitrogen). In the case of HEK 293 cells, calcium phosphate transfection method (49) was used. Transfected cells were grown for 24-50 h in medium containing ≈6.7 μCi/ml of freshly neutralized [ 75 Se]selenious acid. Cells were lysed by using CelLytic-M solution (Sigma, St. Louis, MO). Proteins (30 μg of each sample) were fractionated on 10% SDS/PAGE gels, transferred onto PVDF membranes, and exposed to a PhosphorImager.
Western Blotting. Samples were electrophoresed on 10% Bis-Tris gels, transferred onto PVDF membranes, and immunoblotted with antibodies specifi c for His-tag (Novagen) or GST (GE Health Care). Immunoblot signals were visualized by using ECL detection systems (GE Health Care or Sigma).
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